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A generalized methodology is developed to obtain the current–voltage characteristic of
polymer tandem solar cells by knowing the electrical performance of both sub cells.
We demonstrate that the electrical characteristics of polymer tandem solar cells are cor-
rectly predicted for both the series and parallel connection of the sub cells. The agreement
with experiments allows us to investigate the effect of a reduced open-circuit voltage,
short-circuit current or ﬁll factor in one of the sub cells on the performance of the tandem
cell. A low ﬁll factor in one of the sub cells leads to a stronger reduction of the efﬁciency in
a series conﬁguration as compared to the parallel tandem device.
 2008 Elsevier B.V. All rights reserved.1. Introduction
In order to make relatively cheap solar cells for
large-area applications, organic materials are promising
candidates. However, the narrow absorption properties
combined with low charge carrier mobilities limit the per-
formance of the organic solar cells [1,2]. One way to im-
prove the absorption of organic solar cells is by using
tandem (or multi-junction) structures [3–10]. Because of
the different band gap of the active layer each sub cell then
absorbs light in a different part of the solar spectrum. In or-
der to further optimize the performance of organic tandem
solar cells, it is important to understand their operation.
The ability to predict the performance of tandem cells,
either in series or parallel conﬁguration, from the perfor-
mance of the individual sub cells will strongly reduce the
experimental work needed to reach the optimum device
structure. In order to understand the electrical properties
of a tandem organic solar cell, we consider here a tandem
cell that is based on two sub cells with totally different
electrical properties. In this general case, the bottom cell
generates a higher current, but lower voltage as compared
to the top cell. The presented methodology demonstrates. All rights reserved.
x: +31 50 3638751.
).how the electrical characteristics of tandem cells that are
either connected in series or parallel, can be predicted from
the characteristics of the sub cells.
In order to compare the calculated results with experi-
ment, a 4-electrode tandem cell is used in which the bot-
tom and top cells are separated by an optical spacer [9]
(inset Fig. 5). The use of such a device structure has two
advantages; ﬁrst, because of the presence of 4 electrodes
the J–V characteristics of the individual bottom and top cell
as well as the tandem cell can be measured in one single
device. Second, since the sub cells are electrically sepa-
rated, both the series and parallel conﬁguration can be
measured within the same device. In this way the test con-
ditions are exactly the same for all cells. In Fig. 1 the cur-
rent–voltage characteristics are shown for a tandem cell
based on a 250 nm blend of regioregular poly(3-hexylthi-
ophene) (rr-P3HT) and the fullerene derivative [6,6]-phe-
nyl-C61-butyric acid methyl ester (PCBM) for the bottom
cell and a 80 nm blend of poly(2-methoxy-5-(30,70-dime-
thyloctyloxy)-p-phenylene vinylene) (MDMO-PPV) and
PCBM for the top cell. An optical spacer with a thickness
of 190 nm was used to separate the sub cells. The question
now is how the J–V characteristic of a tandem cell based on
those two sub cells will look like, when they are electrically
connected in series or in parallel. As a ﬁrst step we
consider the series conﬁguration and subsequently the
parallel tandem cell is addressed. Then the obtained
Fig. 1. The current–voltage characteristic of two sub cells under illumi-
nation. The top cell delivers higher open-circuit voltages, while its pho-
tocurrent is much lower than the bottom cell.
618 A. Hadipour et al. / Organic Electronics 9 (2008) 617–624tandem cell J–V characteristics are compared to experi-
mental data.
2. Current density–voltage characteristics for series and
parallel conﬁgurations
2.1. Series conﬁguration
When the two sub cells are connected in series, the total
generated photocurrent will be constant throughout theFig. 2. A close-up of the vertical axis of Fig. 1 between 0 and 10 A/m2. The horiz
C and E), indicating a constant current density. For each line the energy-band ddevice (conservation of charge) in steady-state. Further-
more, the voltages generated by the sub cells will add up.
As a result for each point of the J–V characteristic of the
tandem device the following relations are valid,
JTandem ¼ JBottom ¼ JTop ð1Þ
VTandem ¼ VBottom þ VTop ð2Þ
Graphically, Eq. (1) means that we can draw an arbi-
trary horizontal line through Fig. 1, indicating a chosen
constant current density that ﬂows through the cells. This
horizontal line crosses the J–V curves under illumination of
the individual bottom and the top cell at a speciﬁc voltage
for each sub cell. Those cross-points are the values of the
voltages with which the sub cells are effectively biased in
order to generate the chosen constant current density.
Eq. (2) then shows that we have to add those two voltage
values in order to determine the bias voltage of the tandem
cell in series at that constant current density. To do so, we
replot Fig. 1 between zero and –10 A/m2 in order to enlarge
the vertical axis and choose three arbitrary current densi-
ties as shown in Fig. 2. The horizontal line 1 is the open-cir-
cuit condition for both sub cells in which the current
densities in both of them are zero (cross-points A and B).
Line 2 shows the short-circuit condition of the top cell
(cross-point C), whereas the bottom sub cell is biased by
a positive voltage (cross-point D). Line 3 is the condition
in which the bottom cell is biased by a positive voltage
(cross-point F), whereas the top is biased by a negative
voltage (cross-point E).ontal lines 1–3 cross the curves of the bottom (A, D and F) and top cells (B,
iagrams are given.
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At line 1:
JTandem ¼ JBottom ¼ JTop ¼ J1 ¼ 0 ½A=m2 ð3Þ
VTandemOC ¼ VBottomOC þ vTopOC ¼ VA þVB ¼ ð0:57Þþ ð0:7Þ ¼ 1:27 ½V
ð4Þ
At line 2:
JTandem ¼ JBottom ¼ JTopSC ¼ J2 ¼ 6:68 ½A=m2 ð5Þ
VTandem ¼ VBottom þ VTop ¼ VC þ VD ¼ ð0Þ þ ð0:56Þ ¼ 0:56 ½V
ð6Þ
At line 3:
JTandemSC ¼ JBottom ¼ JTop ¼ J3 ¼ 7:46 ½A=m2 ð7Þ
and because for this current density of line 3 the distance
from E and F to the y-axis are equal,
VTandem ¼ VBottom þVTop ¼ VE þVF ¼ ð0:55Þþ ð0:55Þ ¼ 0 ½V
ð8Þ
In this way the open-circuit voltage (Eq. (4)), short-cir-
cuit current (Eq. (7)) and an additional arbitrary point (at
short-circuit condition of the top cell) of the series tandem
cell are predicted. In Fig. 2 also the energy-band diagrams
are schematically depicted for these three cases. We now
discuss the biasing conditions of this series tandem cell
in more detail. In a series conﬁguration the cathode of
the bottom cell is electrically connected to the anode of
the top cell. In the tandem cell studied here the bottom cell
generates much more photocurrent than the top cell
(Fig. 1) under, for example, short-circuit condition. This
implies that there are not enough holes arriving from the
top cell to recombine with the large amount of electrons
arriving from the bottom cell. As a result, in steady-state,
the excess of electrons will negatively charge the con-
nected electrodes of the sub cells. This charging reduces
the effective voltage across the bottom cell, and thus also
the extracted current from the bottom cell. On the other
hand, the additional electrons in the middle electrode pro-
vide a stronger voltage-drop across the top cell (the top cell
is more reversed biased) and, therefore, a higher current
ﬂows through the top cell. Steady-state is reached when
the lowered current in the bottom cell is equal to the en-
hanced current of the top cell. At the open-circuit voltage
(line 1) both the sub cells are biased in such a way that
the effective electric ﬁeld across them is close to zero
(the bias neutralizes the built-in electric ﬁeld). Current
matching is then achieved since both cells do not generate
any current: they only act as two voltage sources of which
the generated voltages add up. Line 2 shows the situation
where the effective bias across the top cell is zero (C),
meaning that the ﬁeld across the top cell is now equal to
its built-in electric ﬁeld. Due to the negative charging of
the middle electrode, the effective voltage across the bot-
tom cell is strongly reduced (D) in order to balance the cur-
rent with the top cell. For line 3, the electric ﬁeld across the
top cell is even further enhanced by the increasing amount
of charge on the middle electrode, such that the top cell is
now reverse (negative) biased. In this case, the electricﬁeld across the top cell is larger than its built-in electric
ﬁeld (E). Finally, line 3 is chosen in such a way that the
negative bias across the top cell (E) is equal to the positive
bias of the bottom cell (F). As a result the total voltage
across the tandem equals zero, such that line 3 represents
the short-circuit current of the tandem cell. By choosing
sufﬁcient horizontal lines (current levels) and extracting
the voltages as mentioned above, the whole illuminated
J–V curve of the series tandem cell can be constructed.
2.2. Parallel conﬁguration
When the two sub cells are electrically connected in par-
allel, in steady-state, for each point of the J–V characteris-
tics of the tandem device the following relations are valid,
VTandem ¼ VBottom ¼ VTop ð9Þ
JTandem ¼ JBottom þ JTop ð10Þ
Graphically, Eq. (9) means that we can now draw an
arbitrary vertical line through Fig. 1, which indicates the
chosen operating voltage for the sub cells. This vertical line
crosses the J–V characteristics under illumination of the
bottom and the top cell at a speciﬁc current for each cell.
Those cross-points are the values of the current density
generated by the sub cells at the chosen operating voltage.
These two values of the current densities of the bottom and
top cell then have to be added (Eq. (10)) to calculate the
current of the parallel tandem cell for the chosen operating
voltage. We now enlarge the horizontal axis of Fig. 1 and
again draw three vertical lines, as shown in Fig. 3. The ver-
tical line 1 is the open-circuit condition for the top cell and
positive current density for the bottom cell (cross-points K
and L). Line 2 shows the condition in which the sub cells
have opposite current densities. At line 2, the bottom cell
generates positive current due to dark injection (cross-
point M), whereas the top cell generates a negative photo-
current (cross-point N). Line 3 is the short-circuit condition
for all cells in which both the bottom cell (cross-point O)
and the top cell (cross-point P) generate negative
photocurrents.
From Eqs. (9) and (10) we obtain that:
At line 1:
VTandem ¼ VBottom ¼ VTopOC ¼ V1 ¼ 0:69 ½V ð11Þ
JTandem ¼ JBottom þ JTop ¼ JK þ JL ¼ ð87:5Þ þ ð0Þ ¼ 87:5 ½A=m2
ð12Þ
At line 2:
VTandemOC ¼ VBottom ¼ VTop ¼ V2 ¼ 0:58 ½V ð13Þ
since M and N have equal distance to the x-axis,
JTandem ¼ JBottom þ JTop ¼ JM þ JN ¼ ð4:0Þ þ ð4:0Þ ¼ 0 ½A=m2
ð14Þ
At line 3:
VTandem ¼ VBottom ¼ VTop ¼ V3 ¼ 0 ½V ð15Þ
JTandemSC ¼ JBottomSC þ JTopSC ¼ JO þ JP ¼ ð83:65Þ þ ð7:1Þ
¼ 90:75 ½A=m2 ð16Þ
Fig. 4. Current–voltage characteristic of the two sub cells, and the cons-
tructed series and parallel tandem solar cell.
Fig. 3. Close-up of the horizontal axis of Fig. 1 between 0.2 and 1 V. By extracting the cross-points of the vertical lines with the J–V curve of the bottom cell
(K, M and O), and the top cell (L, N and P) from the graph, the current density of the parallel tandem device can be constructed for a range of chosen voltages.
The energy-band diagrams in the different operation points are also given.
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cuit voltage and an additional point of the J–V characteris-
tic are determined for a parallel tandem cell based on the
sub cells mentioned before. By drawing sufﬁcient vertical
lines through the J–V curves of the sub cells and extracting
the operation points the complete J–V characteristic of the
parallel tandem device can be constructed. Also shown in
Fig. 3 are the corresponding energy-band diagrams for
the three lines. In the parallel conﬁguration the two outer
electrodes are connected and show up on an equal level in
these diagrams. For line 1 the top cell is biased such that
the electric ﬁeld across the cell is close to zero (L). How-
ever, because of the lower built-in ﬁeld in the bottom cell,
the electric ﬁeld in the bottom cell changes sign (K) under
this bias. As a result the dark injection in the bottom cell is
switched on and electrons now ﬂow to the PEDOT:PSS in
stead of to the LiF/Al electrode, leading to a positive cur-
rent. For the voltage corresponding to line 2 the bottom
cell is still dominated by (positive) dark current, but its
current is now of equal magnitude as the (negative) photo-
current generated by the top cell. Therefore, this voltage
represents the open-circuit voltage of the tandem cell
and is located in between the VOC is of the individual cells.
Finally, line 3 shows the situation when no bias is applied
across the parallel tandem. In that case both sub cells are
effectively biased by their built-in electrical ﬁelds. Using
the procedures described in this section, the current–volt-
age curve of any parallel – and series connected tandemsolar cell can be derived from the electrical performance
of the individual sub cells. It should be noted that this
method can also be used for the prediction of the J–V
curves of multi-junction organic solar cells with three or
more active layers [1]. The constructed J–V curve of the
series and parallel tandem cell is shown in Fig. 4, together
with the characteristics of the individual sub cells.
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To compare the calculated J–V characteristics of the tan-
dem cells with experimental data we can use the measure-
ments on the tandem device as described in Ref. [9] (inset
Fig. 5). As stated above the tandem cell we consider is
based on a 250 nm P3HT:PCBM blend for the bottom cell
and a 80 nm MDMO-PPV:PCBM blend for the top cell, sep-
arated by an optical spacer with a thickness of 190 nm. For
this thickness the optical spacer maximizes the transmit-
ted light for the wavelengths that correspond to the
absorption spectrum of the MDMO-PPV [9]. The experi-
mental J–V characteristics of the individual bottom and
top cell of this structure were already shown in Fig. 1.
The complete structure of this tandem test device is given
in the inset of Fig. 5. The two sub cells can be connected
electrically in series or in parallel using external wiring.
In Fig. 5, the results of the measured J–V curves are com-
pared to the constructed J–V curves as shown in Fig. 4.
The experimental J–V characteristics are in excellent agree-
ment with the predicted values. To make a more quantita-
tive comparison, we determined for the calculated and
experimental J–V curves of Fig. 5 (series and parallel con-
nection) the exact values for VOC and JSC, the voltage Vmax
and the current density Jmax at the maximum power point,Fig. 5. The comparison between experiment and generated current–vo-
ltage characteristics. The constructed curves are in very good agreement
with the experimental obtained data in both series and parallel conﬁg-
urations. Inset: structure of the tandem test device. The electrodes of the
device can be electrically connected in parallel or in series by adjusting
the external wires.
Table 1
Comparison between calculated and experimental parameters of the series and p
Cell Jmax [A/m2] Vmax [V]
Calculated series 5.64 0.91
Experimental series 6.00 0.89
Calculated parallel 66.3 0.39
Experimental parallel 64.8 0.40and the corresponding ﬁll factor (FF) and efﬁciency g. The
results are summarized in Table 1.
Clearly, all relevant solar cell parameters for the series
and parallel connected tandem cells can be accurately pre-
dicted from the electrical characteristics of the individual
sub cells (Table 1). Veriﬁcation of the predicted character-
istics with experimental data now allows us to systemati-
cally investigate the effect of a series and parallel
connection of subcells with different open-circuit voltages,
short-circuit currents and ﬁll factors.
4. The efﬁciency of tandem solar cells with non-
identical subcells
Another important question is how the performance of
a tandem cell is affected, when one of the sub cells has a
poor performance. Such a low performance might be the
result of a low VOC, JSC or poor FF. To investigate the role
of either a low VOC, JSC or FF in one of the subcells we con-
struct a series of J–V characteristics in which one of these
parameters is systematically varied. The other two param-
eters are kept constant for clarity. As an example in Fig. 6 J–
V characteristics are shown in which the VOC is systemati-
cally varied. These artiﬁcial J–V curves are constructed in
such a way that all cells have the same FF and JSC, but a
large variation in VOC (from 0.59 V to 0.29 V). With these
6 cells as input we can now construct on paper a seriesarallel tandem solar cell extracted from Fig. 5
JSC [A/m2] VOC [V] FF [%] g [%]
7.34 1.27 55 0.50
7.60 1.28 54 0.48
91.2 0.58 48 2.53
89.9 0.58 49 2.56
Fig. 6. Current–voltage characteristic of 6 artiﬁcial solar cells with diff-
erent VOC, but equal JSC and ﬁll factor. The cell with the highest VOC (= -
0.59 V) will be used as the bottom cell of a tandem structure. The other
ﬁve cells have a VOC of 0.54, 0.48, 0.41, 0.35 and 0.29 V, respectively, and
will be used as top cell.
622 A. Hadipour et al. / Organic Electronics 9 (2008) 617–624of tandem cells: we choose the characteristic of cell 1
(VOC = 0.59 V) as bottom cell and then add all curves 2–6,
subsequently as top cell. For each combination of 2 curves
we then apply the method as explained above, and con-
struct the resulting electrical tandem characteristics, when
the cells are connected either in series or parallel. In this
way, we can investigate the effect of a variation of the
VOC in one of the sub cells on the VOC and performance of
the tandem cells. In Fig. 7A the resulting VOC of the tandem
cell is plotted as a function of the VOC of the top cell (rang-
ing from 0.29 to 0.54 V). For the series connection it is evi-
dent that the VOC of the tandem cell is equal to the sum of
the open-circuit voltages of the different subcells. For the
parallel connection the VOC of the tandem cell (circles) is
close, but not exactly equal to the VOC of the top cell, which
is the lowest of the two subcells (triangles). As shown in
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Fig. 7. (A) Open-circuit voltage of the tandem cell as a function of the VOC
of the top cells 1–5 from Fig. 6, both in series and parallel connection. Also
shown is VOC of the subcell with the lowest VOC (top cell, triangles). (B)
Efﬁciency of the series and parallel connection of the tandem cell as a
function of the efﬁciency of the top cell. The efﬁciency of the parallel
conﬁguration is limited by the lower VOC of the top cell.current of the cell with the lowest VOC is cancelled by the
photocurrent of the cell with the highest VOC. Since, the in-
crease of the dark current is very steep in that voltage re-
gion the VOC of the tandem is slightly higher, but close to
the open-circuit voltage of the cell with the lowest VOC.
As shown in Fig. 7B the efﬁciency of the series connection
is considerably higher than the parallel connection. Since
the JSC is by deﬁnition matched and the voltages add up
the efﬁciency of the series tandem cell is equal to the
sum of the efﬁciencies of the subcells. Since, for the parallel
connection the VOC of the tandem is close to the lowest VOC
(Fig. 7A) the efﬁciency is limited by this cell. It should be
noted that in these calculations we have assumed that
stacking of both subcells does not change their absorption,
as is the case for two subcells absorbing in a different re-
gion of the solar spectrum.
As a next step we consider the effect of a difference in
the short-circuit current JSC of the different subcells. In
Fig. 8 a set of J–V characteristics is constructed in such a
way that all cells have the same FF and VOC, but a large var-
iation in JSC (from –88 A/m2 to –26 A/m2). Again, with these
6 cells as input we construct a series of tandem cells: we
choose the characteristic of cell 1 (JSC = 88 A/m2) as bot-
tom cell and then add all curves 2–6 (JSC = 61 A/m2 to –
26 A/m2) subsequently as top cell. In Fig. 9A the JSC of the
tandem cells are shown for the series and parallel connec-
tion as a function of the JSC of the top cell. As expected, for
the parallel connection of subcells with an equal VOC the JSC
is equal to the sum of the JSC of both subcells. For the series
connection the JSC of the tandem cell is slightly higher then
the short-circuit current of the subcell with the lowest JSC
(top cell, triangles). As shown in Fig. 2 the JSC of the tandem
is at the point where the photocurrent in reverse bias (3rd
quadrant) of the top cell is equal to the photocurrent in the
top cell under forward bias (4th quadrant). Regarding the
efﬁciency, shown in Fig. 9B, it is clear that for subcells withFig. 8. Current–voltage characteristic of 6 artiﬁcial solar cells with diff-
erent JSC, but equal VOC and ﬁll factor. The cell with the highest JSC (= 88 A/
m2) will be used as the bottom cell of a tandem structure. The other ﬁve
cells have a JSC of 62, 53, 44, 36 and 26 A/m2, respectively, and will be
used as top cell.



























 Series Tandem Cell
























 Parallel Tandem Cell
 Series Tandem Cell
B
Fig. 9. (A) Short-circuit current of the tandem cell as a function of the JSC
of the top cells 1–5 from Fig. 8, both in series and parallel connection. Also
shown is JSC of the subcell with the lowest JSC (top cell, triangles). (B)
Efﬁciency of the series and parallel connection of the tandem cell as a
function of the efﬁciency of the top cell. The efﬁciency of the series co-
nﬁguration is limited by the lower JSC of the top cell.
Fig. 10. Current–voltage characteristic of 6 artiﬁcial solar cells with dif-
ferent ﬁll factors. The areas B/A = 0.66, C/A = 0.54, D/A = 0.44, E/A = 0.39,
F/A = 0.31 and G/A = 0.25 demonstrates the ﬁll factor of the cell 1 until the
cell 6, respectively.
A. Hadipour et al. / Organic Electronics 9 (2008) 617–624 623equal VOC, but varying JSC the parallel connection is favor-
able, and the efﬁciency of the tandem cell is typically the
sum of the efﬁciencies of the subcells. The efﬁciency of
the series connection is limited (but not equal to) by the
subcell with the lowest JSC.
Another important question is how the ﬁll factor of a
tandem cell is affected, when one of the sub cells has a very
poor FF. Will the FF of the tandem for example be closer to
the highest or the lowest FF, when connected in series or
parallel? To investigate this we consider a range of J–V
characteristics as shown in Fig. 10. These artiﬁcial J–V
curves are constructed in such a way that all cells have
the same VOC and JSC, but a large variation in FF (from 25
to 66%). Each (artiﬁcial) solar cell has a different maximum
power point (MMP), which results in a different maximum
current (Jmax) and maximum voltage (Vmax) for each cell
(Fig. 10).For the series connection the resulting J–V characteris-
tics of the various tandem cells have the same short-cir-
cuit current (JSC = 95.3 A/m2) and open-circuit voltage
(VOC = 1.18 V), but different ﬁll factors (FF) and efﬁciencies
(g). For the parallel conﬁguration the results of tandem cells
based on the bottom cell (cell 1) with itself and the other 5
sub cells as top cells have the same short-circuit current
(JSC = 190.6 A/m2) and open-circuit voltage (VOC = 0.59 V)
and also different ﬁll factor (FF) and efﬁciencies (g).
Fig. 11A demonstrates the different behavior of the series
and parallel conﬁguration tandem device when the ﬁll fac-
tor of one sub cell is varied, in which the ﬁll factor of the
tandem devices is plotted as a function of the ﬁll factor of
the top cell. The mathematical average, which is the sum
of the ﬁll factors of the sub cells divided by two, is also plot-
ted. When the two sub cells have an equal ﬁll factors both
the series and parallel conﬁguration have that same ﬁll fac-
tor. When the top cell has a signiﬁcantly lower ﬁll factor,
the parallel conﬁguration follows the mathematical aver-
age and shows a higher ﬁll factor as compared to the series
one. The lower ﬁll factor of the top cell strongly decreases
the ﬁll factor of the series tandem device. Furthermore, the
ﬁll factors of the series tandem devices are higher than the
ﬁll factors of the top cells. Only when the bottom cell (cell
1) is combined in a tandem cell with itself, the ﬁll factor
of the tandem device equals to the ﬁll factor of the bottom
cell (cell 1, 66%). Combining the highest (66%) and lowest
(25%) FF as sub cells in a series tandem device leads to a
FF of 38%, which is below the average value (45.5%). The ﬁll
factor of the top cell limits the performance of the parallel
tandem device as well by lowering its ﬁll factor, equal to
the series conﬁguration. However, the ﬁll factor of the par-
allel tandem cell is higher than the series conﬁguration in
all cases. The effect of the ﬁll factors on the power conver-
sion efﬁciency of the tandem cells is similar. The parallel
tandem cell has higher efﬁciency than the series cell. The
performances of all tandem cells considered are compared
in Fig. 11B.
Fig. 11. (A) Fill factors of the tandem devices, series and parallel, as a
function of the ﬁll factor of the top cell and a bottom cell with a ﬁll factor
of 66%. The parallel conﬁguration shows a higher ﬁll factor as compared
to the series conﬁguration. (B) Efﬁciency of the series and parallel tandem
cells considered as well as the sum of the efﬁciency of the sub cells as a
function of the efﬁciency of the top cell. When both sub cells have similar
electrical performance, both series and parallel conﬁguration leads to n-
early identical efﬁciencies. If one of the sub cells (top cell here) exhibits a
lower ﬁll factor, the parallel conﬁguration is the better choice to fabricate.
624 A. Hadipour et al. / Organic Electronics 9 (2008) 617–6245. Conclusions
A methodology is presented to derive the current–volt-
age characteristic of any arbitrary tandem device from theelectrical performance of the individual sub cells. The cal-
culated characteristics are in very good agreement with
experimental data on both series and parallel connected
tandem devices. In general, when both sub cells have al-
most the same electrical properties, series and parallel
conﬁgurations lead to tandem devices with the same per-
formance. If there are large differences in the open-circuit
voltages, the series connection is a better geometry to
choose since its overall efﬁciency is higher than the series
conﬁguration. On the other hand, for subcells with varia-
tions mainly in the short-circuit current the parallel con-
nection is more advantageous. The mathematical average
of the ﬁll factors of the sub cells is a good approximation
for the ﬁll factor in the parallel conﬁguration. The series
conﬁguration has signiﬁcantly lower ﬁll factor and there-
fore lower efﬁciency.
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